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Abstract
The reinforcing effects of native and modified cellulose nanocrystal (CNC) materials on 
thermosetting epoxies are investigated. CNC modification is conducted by grafting an activated 
medium chain fatty acid to substitute the hydroxyl functional group. The level and effect of  
CNC modification is evaluated using Fourier Transform Infrared (FTIR), elemental analysis 
(EA), thermal analysis, contact angle measurements, and solvent dispersability studies. The EA 
shows that CNCs with a degree of substitution (DS) of 0.2, 0.8 and 2.4 is obtained depending on 
the concentration of the catalyst and reactant used in the process. The native and modified CNCs 
are then incorporated into epoxy resin via an in situ polymerization. Dynamic mechanical 
analysis, and stress – strain studies showed that the lightly modified CNCs (DS 0.2 and DS 0.8) 
have an impressive reinforcing effect.  CNC with DS 0.2 at 5% loading resulted in a 77% and 
44% improvement in the tensile strength and modulus of the baseline epoxy matrix, respectively 
indicating significant reinforcement. Such materials can be useful in structural composites, 
printed circuit boards, and adhesive applications. An improvement in the dispersion and an 
enhanced interfacial adhesion between the modified CNC and the epoxy matrix is proposed for 
the observed reinforcement. A higher degree of fatty acid grafting onto the CNC resulted in a 
hydrophobic material, which reduced the water uptake of the epoxy nanocomposites.  





Epoxy resins are versatile thermosetting polymers characterized by the presence of more than 
one three-membered oxirane ring.  As thermosetting materials, epoxies are highly crosslinked 
materials and as a result they have high strength, low creep, inherent adhesion, very low 
shrinkage, excellent corrosion, solvent and weather resistance [1]. Because of these attributes, 
they are widely used in coatings, structural composites, adhesives and bonding, electrical and 
electronics, civil engineering, and tooling and castings applications [2].  Nevertheless, the high 
degree of crosslinking also makes them intrinsically brittle and vulnerable to cracks that limits 
their applications in important applications such as automotive and aerospace parts manufacture 
[3][4]. This is due to internal stresses induced during the curing of epoxy, and thus modification 
is desired to mitigate these drawbacks. The incorporation of nanofillers as a second microphase 
modifier could be beneficial in this respect. Previous researches have investigated the use of 
inorganic nanofillers such as metal oxides [5], nanoclays [6], modified clays [7], carbon 
nanotubes [8], silicon carbide [9], and graphene [3] in epoxies with various degrees of success. 
Polysaccharides are prevalent in nature either as a structure forming, essentially insoluble 
highly aggregated materials (e.g. cellulose), or as water soluble, thickening materials with often 
various biological functions (e.g. starch, various gums). Structurally, polysaccharides are highly 
diverse biopolymers composed of repeating glucose units linked via glycosidic bonds. Each 
repeating unit in the polymer chain has three potentially reactive hydroxyl groups, in most cases 
one primary and two secondary groups.  Based on the polymer’s structural characteristics such as 
linkage of isomers, degree of polymerization, branching, material aggregation and morphology, 
polysaccharides found various functional uses in polymeric materials. Cellulose nanocrystals 
(CNCs) derived from cellulose via acid hydrolysis have attracted significant attention in recent 
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years, because of their natural abundance, relatively low cost, high mechanical strength, and ease 
of surface functionalization owing to the abundant surface hydroxyl functional groups [10]. 
Similar to other nanomaterials, CNCs have exceptionally high interfacial area and their structural 
features are comparable to polymer’s molecular size making them appealing reinforcing agents. 
The utilization of CNC in composite application is still limited owing to their hydrophilicity, 
low thermal stability and poor dispersability in mostly non-polar polymers. To achieve optimal 
load transfer and stress distribution from the matrix to the nanoparticles in nanocomposite 
structures, efficient dispersion of nanoparticles is essential [11,12]. The aggregation and 
agglomeration of CNCs in polymer matrices occurs because of the poor interaction between 
polar CNC and mostly non-polar polymers, and intra- and intermolecular hydrogen bonding 
between the independent CNC particles. This causes stress concentration and the CNCs act as 
defects to weaken the effective stress transfer from the fillers to matrix. To mitigate the 
aggregation and enhance the dispersion of CNCs in polymer matrices, several physical 
processing techniques (e.g. homogenization, ultrasonication, solid state pulverization, melt 
mastication etc.)[13,14], and chemical modifications have been investigated. 
Chemical modification of CNCs is conducted to improve their dispersion, reduce moisture 
sensitivity, and improve their interaction with non-polar polymers. The modification includes 
covalent attachment of molecules [15,16], grafting of polymers on the surface [17,18], surfactant 
adsorption [18] etc. The grand challenge of CNC chemical functionalization is conducting the 
reaction in such a fashion that it only changes the surface properties CNCs, while preserving the 
original morphology and the integrity of the crystal [19] that are important attributes for its use 
as a reinforcing filler. Here, we present a one-step, robust hydrophobic esterification of CNC 
with a medium chain acid chloride in an effort to enhance the dispersability and reduce its 
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hydrophilicity for epoxy nanocomposite applications.  The modified CNC is expected to provide 
effective reinforcement of epoxies together with reduced moisture uptake that are desirable 
properties in many epoxy applications. 
2. Materials and methods
2.1 Materials
Spray dried cellulose nanocrystals (CNC) was obtained from CelluForce Inc (Montreal, 
Canada). The particle size of the CNC powder, crystalline fraction, sulfur content, and bulk 
density were 1-50 µm, 88 %, 0.87 %, and 0.7 g/cm3, respectively. Lauroyl chloride (98%), 
cesium carbonate (99%), pyridine (≥ 99.0%), toluene (99.9 %), chloroform (99 %), epoxy resin 
(Araldite 506) and the curing agent poly (propylene glycol) bis (2-aminopropyl ether and were 
all purchased from Sigma-Aldrich. Ethanol (99%). Acetone (99%) was obtained from Fisher 
Scientific. CNC was dried at 70 °C for 24 h under vacuum, and kept in a sealed container. All 
chemicals were used without further purification or modifications.
2.2 Methods
2.2.1 Esterification modification of CNC with acid chloride
As illustrated in scheme 1, an activated fatty acid, lauroyl chloride, was used to modify CNC. 
Pyridine was used as a catalyst, partial solvent, and acid scavenger. For the esterification 
reaction, dried CNC was dispersed in toluene (3 wt.%), and homogenized (Homogenizer, 
PowerGen 700) until a uniform and stable dispersion was obtained. The dispersion was 
transferred to a three neck round bottom flask for reaction. The reaction flask was then fitted 
with a condenser and a thermometer and placed in a silicon oil that was set up on a hot plate 
equipped with magnetic stirring. The dispersion was then heated to 90°C, and a calculated 
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quantity of lauroyl chloride and catalyst pyridine were added dropwise under agitation. Three 
levels of lauroyl chloride (5%, 10%, and 20%), and about 2% of pyridine were added to the 
dispersion similar to a method reported before [20,21] with some modifications. The reaction 
was then carried out at 110 oC for 1h under constant stirring. At the end of the 1h reaction time, 
the suspension was quenched with ethanol, and cooled down to room temperature. The modified 
CNC product was recovered by washing it with ethanol (three times), followed by acetone (three 
times), to remove unreacted lauroyl chloride, and the pyridine catalyst. Complete removal of the 
unreacted lauroyl chloride was confirmed by infrared analysis of the raffinate from the last 
washing step. The washed product was then dried under vacuum, and stored at room temperature 
for further analysis. 
Scheme 1. Reaction of cellulose nanocrystals with lauroyl chloride. 
2.3 Characterization of modified CNCs
2.3.1. FTIR spectroscopy
The modification of CNCs were characterized by Fourier Transform Infrared Spectroscopy 
(FTIR, model Nicolet 6700, Thermo Scientific). For the analysis, about 2 mg of the native and 
modified CNCs were dried overnight at 80°C and pressed into pellets together with 20 mg 
potassium bromide (KBr) salt powder. FTIR scans, in transmittance mode, was then gathered in 




Elemental analysis was conducted on dried powder samples using a 4010 Elemental 
Analyzer (Costech Instrument, Italy).  Carbon percentages were quantified for native and 
modified CNC samples in triplicate, and average values were used for calculating the degree of 
substitution (DS). The DS values for modified CNCs were calculated from the measurement of 
% C. Calculations of DS value were conducted based on the method proposed by Vaca-Garcia et 
al [22], as shown in equation 1.  
                                             𝐶 =
12.011 ×   (6 + ∑𝐷𝑆𝑖.𝑛𝑖)
12.011 ×  (6 + ∑𝐷𝑆𝑖.𝑛𝑖) + 1.008 × (6 + ∑2.𝐷𝑆𝑖.(𝑛𝑖 ‒ 1)) + 15.999 ×  (5 + ∑𝐷𝑆𝑖)
(1)
Where, DSi is the degree of substitution of the ith carbon chain from lauroyl chloride, and ni is the 
number of carbon atoms on each chain. This equation holds true assuming that cellulose has a 
fixed carbon percentage of 44.44% [22].
2.3.3 X-ray diffraction (XRD)
The analysis of the crystalline structure of the modified CNC powder was carried out with an 
X-ray Diffractometer D8 Discover (Bruker, Karlsruhe, Germany). The XRD scanning patterns 
were recorded in a 2θ range from 5 to 55o with a step size of 0.02o. The operating condition settings 
for the diffraction were 40 kV and 40 mA.
2.3.4 Dispersibility of modified CNCs in different organic solvents
The dispersibility of the modified CNCs was studied in various solvents with different 
polarity.  The solvents used in this study were water, ethanol, acetone, tetrahydrofuran (THF), 
and toluene. Dried powder samples were mixed with the respected solvent and homogenized for 
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5 minutes. The concentration of each homogenized suspension was kept at 10 mg/mL[16]. The 
homogenized suspensions were then kept for 12h undisturbed, and sedimentation or floatation 
was observed visually.   
2.3.5. Contact angle measurement
Contact angle measurement of native and modified CNC were carried out on pressed pastille 
samples. Measurements were conducted at 23°C and 50% relative humidity using a custom-built 
optical sessile drop system. A deionized water droplet was dropped onto the prepared samples 
and images were taken after 15s. 
2.3.6. Thermogravimetric analysis (TGA)
The impact of fatty acid grafting on the thermal stability of CNC were evaluated by 
conducting TGA studies on pristine and modified samples. The test was carried out using TA 
instrument TGA Q500. The dynamic temperature ramp used in this thermal study was 5 oC/min 
from 25 to 500 oC under normal air condition.  Thermal degradation behavior was then estimated 
based on the weight loss against temperature.
2.4. Epoxy biocomposite preparation
Epoxy biocomposites were prepared with both pristine and modified CNCs at loading 
concentrations of 2.5 and 5 wt. %. Data collected from elemental analysis was used to estimate 
the equivalent weight of CNC in the modified sample, and composite loadings were based on the 
weight of CNC, taking the incorporated fatty acids into account.  The epoxy formulation 
consisted of 100 parts per hundred (phr) of epoxy and 30 phr curing agent. The epoxy resin was 
first mixed with the CNC (pristine and modified), and dispersed well using a homogenizer 
(PowerGen 700). The calculated curing agent was then added to the epoxy – CNC premix. After 
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obtaining a uniform mix, the samples were degassed at room temperature in a vacuum oven to 
remove microbubbles that were created during the homogenization process. The degassed 
samples were then carefully poured into a silicon mold and allowed to cure at 60°C for 12h. The 
specimens cured as such were post cured at 120 °C for 2h. 
2.4.1. Tensile properties
The casted specimens were conditioned at 23 °C and 50% relative humidity for at least 40 h 
prior to testing. Tensile tests were then conducted in accordance with ASTM D638-14 (Standard 
Test Method for Tensile Properties of Plastics).  Instron (Instron 4302, Norwood, MA, USA) 
equipped with a load cell of 10 kN at a crosshead speed of 10 mm.min-1 was used for this test. 
2.4.2. Dynamic mechanical analysis (DMA)
Thermal-mechanical properties of epoxy-CNC composites were studied by using dynamic 
mechanical analysis using DMA (TA instrument, DMA Q800). The specimens were scanned in a 
temperature range from 25 to 150 oC at a heating rate of 3 oC/min. Three-point bend mode with a 
frequency sweep of 1 Hz under dynamic strain of 0.004% was used for the test. Sample 
dimensions were 3 × 12 × 55 mm3. 
2.4.3. Differential scanning calorimetry (DSC)
The thermal transition temperature of neat epoxy, and the CNC (pristine and modified) based 
nanocomposites was evaluated using DSC (DSCQ2000). An accurately weighed sample of about 
5 mg was loaded into a DSC pan and scanned from 20 to 200 oC at the ramping rate of 10 oC 




2.4.4. Scanning electron microscope (SEM)
Scanning electron microscopy images were collected using FEI instrument (Quantum FEG-
SEM 250) operated at 20kV. Tensile fractured sample cross-sections were used for SEM 
morphology analysis. Carbon tape support was used during the imaging.
2.4.5. Water absorption test
The moisture absorption of the baseline epoxy and the CNC (pristine and modified) 
reinforced composites were studied in accordance with the ASTM D570-98. In this test, four 
sample specimens per sample were dried to a constant weight (W1). The dried specimens were 
then submerged in deionized water at room temperature, and weight changes were recorded 
every 24h for seven days. After every 24h of soaking, the extra water on the surface of samples 
were wiped with blotting paper, and weighed (W2) until the seventh day.  The moisture 
absorption was then calculated by weight difference between the samples submerged in water 
and dried samples using equation (2):
       Moisture absorption = (W2 − W1)/W1 × 100                                                                         (2)
3. Results and discussion
3.1. Modifications and degree of substitution characterization 
Cellulose nanocrystals prepared with sulphuric acid generally disperses well in water and 
other polar solvents because of the residual sulfate functionalities. However, their dispersability 
is quite limited in polymers and other non-polar solvents.  Thus, there is a significant interest in 
the surface modification of cellulose without disrupting the crystalline structure. Previous studies 
[15, 24] postulated that about 10% of the total –OH in CNC are exposed to the surface while it is 
in its native crystal form. Since, the glucose monomers on a cellulose chain have three –OH 
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groups, the maximum degree of substitution that can be achieved is three. Thus, total substitution 
of the 10% surface –OH groups amount to a DS of 0.3.  In this study, one-step grafting of 
medium chain fatty acid (C12) onto CNC was conducted under heterogeneous conditions. The 
activated fatty acid chloride, lauroyl chloride, reacted with the alcohol groups of CNC in the 
presence of a weak base, here pyridine. The pyridine would be protonated by the HCl by product 
of the reaction [24], and thus could act as an acid scavenger to prevent the hydrolysis of the CNC 
by the acid. 
Table 1 presents the degree of –OH substitution with lauric acid calculated from elemental 
analysis. Results obtained here show that the DS of the esterified CNCs ranged from 0.2 to 2.4. 
A lower concentration of lauroyl chloride (and pyridine) resulted in a DS of 0.2 (<0.3), pointing 
out that there was only surface modification, and the crystalline structure of the CNC was 
maintained in such conditions. It was evident that the DS increased with increasing concentration 
of lauroyl chloride and pyridine for a constant CNC (- OH) concentration as observed from the 
elemental analysis (Table 1). Despite heterogeneous reactions setup (without dissolution of the 
CNC), higher concentration of lauroyl chloride and pyridine have significantly disrupted the 
crystalline structure of CNC resulting in an amorphous morphology. The reason for the high DS 
with the increase in the reactant and catalyst concentration could be associated with the swelling 
of the CNC with the base catalyst. The swelling would expose –OH functional groups of the 
CNC that were otherwise hidden in the crystal structure for reaction with the activated fatty acid. 
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Table 1: Elemental analysis of unmodified and modified CNCs
Samples C (%) Degree of 
Substitution (DS)
CNC 44.4 -
Modified CNC1 51.1 0.2
Modified CNC2 61.3 0.8
Modified CNC3 70.2 2.4
3.2. Fourier transform infrared spectroscopy (FTIR)
To verify the modifications, IR studies were conducted and spectra of the pristine and the 
modified CNC samples are presented in Figure 1. The native CNC showed IR peaks at 3450 cm-1 
(-O-H stretching), 2920 cm-1 (-C-H stretching), and 897 (β – glycosidic linkages), similar to other 
studies [15,25,26]. The esterification clearly resulted in the appearance of new IR peaks or the 
loss of some existing peaks. One of the most notable changes was the presentation of a new 
vibration peak at 1750 cm-1, attributed to -C=O stretching as a result of the esterification [27]. 
The emergence of the new ester carbonyl group on the modified samples further confirmed the 
esterification of CNCs introduced. These ester bond peaks were observed in all modified CNC as 
shown in Fig. 1, irrespective of the DS. As expected, these peaks were more prominent in the 
high DS as compared to the low DS samples.
Another evidence of the grafting of lauric acid on CNCs was the introduction of sp3 alkyl 
group vibration representing alkane chain in the region of 2800-2900 cm-1 [12, 13]. All the 
modified CNCs contained these grafted alkane chain (CH2) peak vibrations attributed to the 
medium fatty acid chain of lauric acid. Moreover, the transmittance intensity of broad hydroxyl 
ACCEPTED MANUSCRIPT
12
vibration of CNC has reduced progressively with the increase in the degree of substitution 
indicating the substitution of the –OH with the fatty acid [21]. For the high DS CNC (DS 2.4), 
the broad –OH band seemed to completely disappear as the grafted alkane chain replaced most 
of the hydroxyl group of the nanocellulose. 
Figure 1. FTIR spectra of native and modified CNCs: (A) Native CNC; (B) Modified CNC, DS 
0.2; (C) Modified CNC, DS 0.8; (D) Modified CNC, DS 2.4
3.3. X-ray diffraction
The change in the crystalline structure of CNC with variation in the esterification level was 
investigated using XRD analysis. The XRD diffraction patterns of native and modified CNCs are 
displayed in Figure 2. The native CNCs exhibited their distinctive broad peaks (15°, 16.5°), sharp 




of 15°, 16.5°, 23o, and 35o correspond to cellulose I crystallographic planes 110, , 200, and 4, 110
respectively [28][29]. A new peak appeared at around 20o in the modified samples. This peak is a 
small shoulder in DS 0.2 and 0.8 samples (Figure 2b and c). However, in the highly modified 
CNC samples (DS 2.4), this became a prominent peak (Figure 2d). This peak corresponds to the 
medium fatty acid chain grafted on the CNC chain [30]. The lightly (DS 0.2) and intermediately 
(DS 0.8) modified samples (b and c) manifested XRD spectrums that closely resemble the 
pristine CNC, as they still possess the three main peaks of CNC. Overall, it appeared here that 
the crystalline structure of CNC were maintained for the lightly and intermediately modified 
CNCs. However, the highly modified CNC (DS 2.4) displayed a rather weak crystallinity as 
compared to the other samples. Also, the peaks at around 16, 23, and 35o got progressively 
weaker with an increase in DS. 
It was interesting to notice that the CNC sample with DS of 0.8 maintained the crystallinity 
as substantiated by the sharp XRD peaks. It is plausible that the lauroyl chloride might not have 
attacked too deep into the crystalline core of the CNC. Contrarily, all the distinctive peaks of the 
CNC were no longer observed in the highly modified samples (DS 2.4). Rather, a strong new 
XRD peak appeared at 20o, which could be attributed to crystallized fatty acid chains [21,25]. 
XRD diffraction patterns of lauric acid as reported by Kong et al [31] also exhibited the 
manifestation of strong peaks at 2θ of 20° in addition to other peaks. This supports that the 
prominent peak in the modified CNC (DS 2.4) sample could be a crystal of lauric acid – CNC 
complex. Overall, the XRD results were in complete agreement with elemental analysis and the 
IR studies in terms of the level of CNC modification. It can be concluded that the high degree of 
modification (e.g. in DS 2.4 sample) resulted in delamination of cellulose chains from the packed 
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crystalline structure. Such reduction of crystallinity could affect the reinforcing capability of 
CNCs in nanocomposite applications. 










Figure 2. XRD patterns of blank and modified CNC (native CNC, CNC DS 0.2, CNC DS 0.8, and 
CNC DS 2.4)
3.4. Contact angle measurement
Evaluation of contact angle is among the most established methods for studying the surface 
properties of materials [32]. The impact of fatty acid modification on the wetting properties of 
CNCs was invetigated using water contact angle measurement. Figure 3 displays the contact 
angle (θ) between water droplet and CNC smaples (unmodified and modified).  As anticipated, 
the native CNC gave the lowest contact angle (19°) owing to the hydrogen bonding association 
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between the –OH groups of CNC and water molecules leading to more dispersion. The contact 
angle increased with an increase in the degree of substition. In the most modified sample, the 
contact angle increased to 74°. This is due to the incremental replacement of the polar –OH 
groups with the non-polar aliphatic chains. This is a clear indication of the reduction in the water 
wettability, and increase in hydrophobicity of the modified samples as compared to the native 
CNC. Hu et al [15] reported similar trend of contact angle change as a result of surface 
modification of CNC with natural polyphenols. Espino-Perez et al [33] exhibited similar 
hydrophobicity behavior for carboxylic  acid functionalized CNC. Such hydrophobically 
modified CNC are expected to have better dispersibility attribute in nanocomposite applications. 
Also, their water absorption kinetics would be significantly reduced. 
Figure 3. Contact angle of native and modified CNC samples.
3.4. Dispersibility of modified CNCs in organic solvents
Dispersibility test of native and modified CNCs were carried out to demonstrate the 
hydrophobicity and wettability of CNCs in organic solvents after the esterification modifications. 
The solvents used for comparison were water (most hydrophilic), ethanol, acetone, THF, and 
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toluene (most hydrophobic). As shown in Figure 4a, CNC displayed great dispersibility and 
dispersion stability in water. This was because the residual sulphate anions on CNC accrued 
from the H2SO4 hydrolysis during its production process provided it repulsion force between the 
particles that led to the observed stable dispersion in water [16,34]. Moreover, the abundant –OH 
groups of native CNC are available for a strong hydrogen bonding with the water [19,35] to 
maintain the dispersed state for a fairly extended time. It was noticed that native CNC dispersed 
relatively well in ethanol as well, but it sedimented by the end of the test (12h) pointing that it 
has poor dispersion stability. However, with a further increase in the hydrophobicity of the 
dispersion media, native CNC lost its dispersability. In general, it displayed poor dispersability in 
THF and toluene.
A dramatic decrease in the dispersibility of modified CNC in water was observed with an 
increase in the degree of esterification. Lauric acid grafted sample with a DS of 0.8 and 2.4 has 
shown no sign of dispersability in water as the particles started separating right after the high-
power homogenization dispersion. On the contrary, an excellent dispersibility and dispersion 
stability was observed for the DS 0.8 and DS 2.4 CNC samples in toluene (least polar media), as 
shown in Figure 4c and 4d.  This observation was because the substation of the -OH groups with 
lauric acid limits CNC – CNC and CNC – water hydrogen bonding interaction. Overall, the 
modified CNC exhibited an increasing trend of dispersability with increases in their DS and 
increase in the hydrophobicity of the solvent used. The results observed here are in good 
agreement with other esterified CNC samples (e.g. acid anhydride, acid chloride, acid catalyzed 
carboxylic acid, and in situ activated carboxylic acid) [16], and also our contact angle study. 
Improving the dispersibility of CNC in non-polar solvents could be beneficial, as it provides 
good compatibility with other organic solvent soluble polymers. For instance, the 
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hydrophobically modified CNC could be easily mixed with hydrophobic polymer matrices, such 
as such as PP, PE, PCL and PLA, in common organcic solvents.  Also, the solvent dispersable 
easterified CNC can be easily incorporated into epoxy and polyurethane formulations after 
dispersion in the non-polar solvents. This avoids the laborious task of solvent exchange process 
e.g. in DMF [35], and acetone [36], that is usually conducted through a series of dispersion and 
centrifugation process. 
Figure 4. Dispersion of native CNC and modified CNC in different solvents. The concentration 
of all CNCs in solvents were kept constant at 10 mg/mL. (a) Native CNC; (b) Modified CNC, 
DS 0.2; (C) Modified CNC, DS 0.8; and (D) Modified CNC, DS 2.4.
3.5. Thermogravimetric analysis (TGA)
Thermal degradation behavior of CNC is a crucial parameter for its use as a filler in 
polymers. This is because, most plastic processing operations, including melt processing of 
thermoplastics, compounding of rubber, or curing of epoxy or rubber involve high temperature, 
and as such the CNC need to stay stabile within the processing regime of polymers. The thermal 
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stability of the native and esterified CNC samples were evaluated using TGA. Thermograms 
represented in Figure 5 (a and b) demonstrated that CNC had two principal weight loss regimes 
at 245°C and 314 °C. Espino-Perez et al [33] reported that such two peaks in native CNC could 
be attributed to the degradation of CNC – SO42- (first peak) and CNC-OH (second peak).
 Nonetheless, our native CNC sample contained limited sulphate cation (0.87%), and the 
rather large degradation peaks could not be associated with CNC – SO42- degradation. It is 
plausible that the first peak could be associated with the dehydration of cellulose to 
dehydrocellulose and second peak could be related to the depolymerisation of CNC and its 
monomers into volatiles [37,38]. CNC Esterified samples with a DS of 0.2, 0.8 and 2.4 exhibited 
an onset and peak degradation (in bracket) of 197°C (266°C), 200 °C (274 °C), and 260 °C (305 
°C), respectively. The results obtained here indicated that the grafted lauric acid has improved 
the thermal stability of native CNC irrespective of the degree of substitution. However, the 
improvement was more pronounced with higher levels of substitution. Also, it was clearly 
observed that the highly esterified CNC (DS 2.4) exhibited a single peak of degradation. This 
could be because most of the –OH that was responsible for the dehydration degradation of CNC 
were already substituted, and as a such a single phase of depolymerisation of both the CNC and 
the aliphatic chain of the fatty acid could probably have occurred. Overall, native or modified 
CNC is amenable to polymer processing temperatures, as the thermal degradation point is 
beyond the melt processing temperature of numerous polymers (e.g., polyethylene, 
polypropylene, poly(lactic acid), EVA, polyhydroxyl alkanoates etc), or the curing or processing 
temperature needed in most rubber, unsaturated polyester or epoxy thermosets.  
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Figure 5. TGA thermograms (a) and derivative weight loss (b) of native and modified CNC 
samples.  
3.6. Epoxy – CNC nanocomposites
In this study, nanocomposites of an epoxy resin were produced by the reaction of a 
difunctional diglycidyl ether of bisphenol A with an epoxide equivalent weight of 172 – 185 g/eq 
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and a polyetheramine (average Mn 230g/mol) curing agent in the presence of native and modified 
CNC. Grafting of medium aliphatic chains in place of hydroxyl functional groups of CNC 
resulted in reduction of intra- and intermolecular hydrogen bonding among the CNC particles. 
Also, the grafted bulky pendant aliphatic fatty acid on the cellulose crystals limits the 
aggregation and agglomeration of CNCs [39]. This prompted in an improvement in the 
dispersability of CNC in non-polar solvents (Figure 4). Figure 6 (a, b and c) showed the 
dispersion of native and modified (DS 0.2) CNC in epoxy resins at 2.5% and 5 wt.% after 
homogenization. While the native samples (2.5%) formed a cloudy dispersion, the modified 
samples resulted in an almost transparent dispersion indicating excellent dispersability with no or 
limited aggregation. The impact of CNC modification on the mechanical and thermal properties 
of epoxy thermoset systems were studied here to demonstrate the reinforcing potential of such 
modifications in polymer nanocomposites applications.  
a b c
Figure 6. Photograph of the dispersion of CNC in epoxy (a) native CNC dispersed in epoxy at 
2.5% concentration, (b) modified CNC (DS 0.8) dispersed in epoxy at a concentration of 2.5%, 
and (c) modified CNC (DS 0.8) dispersed in epoxy at a concentration of 5%.
3.6.1. Effect of CNC modifications on mechanical properties of epoxy
Epoxy nanocomposites loaded with CNC (native and modified) at 2.5% and 5% 
concentration were evaluated to understand the effect of modification on its reinforcing potential. 
ACCEPTED MANUSCRIPT
21
Figure 6 (a and b) presented the tensile strength of the nanocomposites at maximum load on 
tensile dog bone sample specimens. While native CNC had a clear reinforcing effect, the lightly 
and intermediately modified CNCs  exhibited exceedingly remarkable reinforcing effect as 
observed from the tensile strength and modulus improvement of the epoxy nanocomposites 
(Figure 6a and b), pointing an effective load transfer from the matrix to the fillers.  The reason 
for the outstanding load transfer and reinforcement of the modified CNC as compared to native 
CNC based nanocomposites were due to the nanodispersion of esterified CNC particles in the 
epoxy matrix in conjuncture with a possibility of intimate interaction between the epoxy matrix 
and the nanoparticles that led to high stress transfer. Abraham et al [39] observed similar trend of 
load transfer improvement by using a hydrophobic CNC (acetylated) in epoxy nanocomposites. 
It was interesting to notice that the intermediately modified CNC (DS 0.8) caused a similar 
reinforcing effect as that of the lightly modified CNC (DS 0.2) as shown in Figure 7. Although a 
DS of 0.8 CNC meant that the modification attacked the crystalline structure, as it is significantly 
higher than the stipulated DS 0.3 for surface modification, it is plausible that the core of the 
crystalline structure stayed intact and only partial swelling and delamination that exposed more –
OH groups has occurred as observed in the XRD result (Figure 2) [33,40].  The loss of some 
crystallinity because of the partial delamination was expected to result in lower reinforcing effect 
of epoxy as compared to the lightly modified CNC (DS 0.2). However, as presented in Figure 7, 
the two levels of modifications exhibited similar reinforcing effect. It is worth to mention that the 
higher degree of lauric acid grafting in the DS 0.8 as compared to the DS 0.2 resulted in higher 
hydrophobicity (as shown in Figure 3), making it more compatible with the low ionic strength 
epoxy matrix. Thus, despite losing some crystalinity with the partial delamination, a 
compensation by a higher hydrophobicity by such modifications (DS 0.8) could promote an 
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enhanced compatibility and interfacial interaction that resulted in the observed excellent 
reinforcing effect.
On the contrary, the highly modified CNC (DS 2.4) did not show reinforcing effect. This is 
not a surprise, as the high modification destroyed the crystallinity (Figure 2) that is responsible 
for the extraordinary strength of CNCs. Elongation at break results from the stress – strain study 
(Figure 6b) showed that loading of CNC (DS 2.4) at 2.5 %, and 5 % resulted in an increase in 
elongation of 25.1 % and 34.3%, respectively. This clearly indicated that the presence of a 
significant long aliphatic chains grafted on the CNC as in the DS 2.4 samples have plasticized 
the epoxy network. While the elongation at break of native CNC reinforced epoxy 
nanocomposites have marginally reduced as compared to the neat epoxy matrix, the esterified 
CNC at low substitution (DS 0.2 and DS 0.8) did not change the elasticity significantly (analysis 
of variance P > 0.05). 
We compared the experimental elastic modulus with those predicted by the Halpin-Tsai 
model that is commonly used for estimation of nanocomposite mechanical properties. The 
Halpin-Tsai model is a widely accepted semi-empirical equation for prediction of the modulus of 
a discontinuous composite structures [9,41,42]. The model is based on the assumptions that only 
the matrix sustains the axial load and transmits stress to the fiber through shear stress and that all 
fibers are well dispersed in the matrix. The theoretical calculated moduli (Eo) of the composites 
for randomly oriented fiber fillers can be computed using the following equation (3)[43,44].





Where EL and ET are the longitudinal and transverse Young’s modulus of unidirectional 
composites, respectively. These can be estimated using equations (4) and (5). 
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                                                                                                                 𝜂𝐿 =  
(
𝐸𝑓𝐿 𝐸𝑚) ‒ 1
(
𝐸𝑓𝐿 𝐸𝑚) + 2(
𝑙𝑓 𝑤𝑓)
(6)
                                                                                                                           𝜂𝑇 =  
(
𝐸𝑓𝐿 𝐸𝑚) ‒ 1
(
𝐸𝑓𝐿 𝐸𝑚) + 2
(7)
Where, Eo is the predicted modulus of the composite, Em is the modulus of the neat epoxy matrix, 
EfL and EfT are the longitudinal and transverse Young's modulus of the CNC filler. lf and wf are 
the length and width of the CNC, respectively. For CNC in our study, EfL, EfT,  and lf/df of 143 
GPa [45], 24.8 GPa [44], 20 [46], respectively were used. Vf is the volume fraction of the CNC 
filler in the epoxy matrix. Based on Halpin-Tsai model (equation 3), the theoretical moduli of the 
nanocomposite were 3.7 GPa and 3.9 GPa for the 2.5 % and 5 % CNC based nanocomposites. 
These modulus values are in excellent agreement with the modulus obtained for the CNC DS 0.2 
nanocomposite, i.e. 3.6 and 3.9 GPa at 2.5 % and 5 % loading, respectively. Since the Halpin – 
Tsai model assumes that the nanoparticle is well dispersed, the result obtained here pointed out 
that the lightly modified CNC (DS 0.2) was the most efficient reinforcing agent in line with the 
other observations. 
Overall, the mechanical property testing elucidated that there was good compatibility and as 
a result effective stress transfer from the epoxy matrix to the lauric acid modified CNCs (DS 0.2, 
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0.8). Highly esterified CNC (DS 2.4) showed poor promise as a reinforcing filler of rigid 
structures as it did not improve the tensile strength or modulus as compared to the neat epoxy 
baseline matrix. However, it is worth to mention here that it caused significant increase in the 
elasticity without changing the tensile strength, pointing that it could have a toughing effect. 
Since epoxy in general is a brittle material, some practical applications can benefit from such 
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Figure 7. Mechanical properties of neat epoxy, and nanocomposites reinforced with native CNC, 
and esterified CNC (DS 0.2, 0.8 and 2.4). (a) Tensile strength, (b) Modulus and elongation at 
break.
3.6.2. Dynamic Mechanical analysis
The thermo-mechanical properties of neat epoxy, and epoxy nanocomposites reinforced with 
native and modified CNCs were tested by DMA to evaluate their mechanical properties at 
different temperatures. The variation in the storage modulus (Eʹ) and loss modulus (Eʺ) of the 
neat epoxy and the nanocomposites as a function of temperature are presented in Figure 8 (a and 
b). It was evident that below Tg all nanocomposite formulations exhibited higher modulus than 
the pure epoxy matrix pointing to the efficient stress transfer from the matrix to the CNC. This 
included even the highly modified CNC (DS 2.4) at both 2.5% and 5%.   The reason for this was 
that the presence of fillers in general restrict chain mobility that led to the observed enhancement 
in modulus [47].  An increase in filler loading imparts additional mobility constraints that result 
in higher storage modulus. This is in line with the tensile modulus observations. 
As shown in Figure 8b and Table 2, the nanocomposites with CNC DS 0.2 at 2.5 % and 5 % 
concentrations exhibited their peak loss modulus (Eʺ) values at higher temperature than the 
epoxy matrix. This is because of a strong interfacial adhesion between the epoxy and the 
esterified CNC. The highly modified CNC (DS 2.4) based composites displayed their maximum 
Eʺ at the lowest temperature in comparison with the other composites or the neat epoxy. This is 
an indication of the reduction of glass transition temperature (Tg) of these nanocomposites due to 
the plasticization effect of the aliphatic fatty acids that are grafted on the CNC. These 
observations were consistent with the other mechanical property results.  In general, the use of 
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native CNC and surface modified CNCs improved the Tg. The results obtained from differential 
scanning calorimetry (DSC) illustrated a similar trend to those from DMA (Table 2). 
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Figure 8. Dynamic mechanical properties of neat epoxy matrix and their composites with native 
and modified CNC (a) Storage modulus, (b) Loss modulus.
Table 2. Summary glass transition temperatures, storage tensile moduli (E′) from DMA, Tg  
(from DSC analysis, E′′ peak temperatures), and of neat epoxy and epoxy/CNC nanocomposites 
as a function of CNC modification and content.
DMA DSCSample Filler content 
(%) Eʹ at 30 °C 
(MPa)
Eʹ at 80 °C
(MPa)
Tg by max Eʺ    
(°C)
Tg (°C)
Epoxy - 1570 48 60 49
Epoxy CNC 2.5 2008 93 64 51
Epoxy CNC 5 2128 109 65 56
Epoxy CNC DS 0.2 2.5 2948 390 65 58
Epoxy CNC DS 0.2 5 2607 451 66 58
Epoxy CNC DS 0.8 2.5 2202 59 62 59
Epoxy CNC DS 0.8 5 2328 51 62 58
Epoxy CNC DS 2.4 2.5 1687 29 62 55
Epoxy CNC DS 2.4 5 1768 18 58 53
3.6.3. Scanning electron microscope (SEM)
The tensile fracture surface morphologies of the nanocomposites were further characterized 
by scanning electron microscopy (SEM), and images are displayed in Figure 9. The neat epoxy 
displayed a very smooth fracture surface, and almost no marks were observed due to the 
brittleness of the matrix. After the incorporation of CNC (native and modified), clear markings 
were observed on the fracture surface. In all the nanocomposites, no major aggregation and 
agglomeration was observed. Overall, the CNC fillers appear to be well individualized and 
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coated with the epoxy matrix. The low loading level, coupled with the intense homogenization of 
the CNC (unmodified and modified) in the epoxy prior to curing could have assisted with the 
dispersion. The holes (marked by the arrows) indicate the pullout of CNC during the tensile 
fracture. This is indicative of good interfacial bonding between the epoxy matrix and the fillers. 
In the esterified CNC fillers, hydrogen bonding between the carbonyl group of the ester and the 
residual amines could have caused the strong interaction. 
Figure 9. SEM images of the fractured surfaces of (a) the neat epoxy resin; (b) native CNC – 
epoxy composite  (2.5 % filler content), (c) native CNC – epoxy composite  (5 % filler content), 
(d) CNC DS 0.2 – epoxy composite  (2.5 % filler content), (e) CNC DS 0.2 – epoxy composite  
(5 % filler content), (f) CNC DS 0.8 – epoxy composite  (2.5 % filler content), (g) CNC DS 0.8 – 
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epoxy composite  (5 % filler content), (h) CNC DS 2.4 – epoxy composite  (2.5 % filler content), 
(i) CNC DS 2.4 – epoxy composite  (5 % filler content).
3.6.4. Water uptake studies
Water absorption in epoxy based materials has been a subject of study in many researches [48–
51] for the outstanding properties of epoxy materials could be immensely affected by the water 
absorbed and thus its potential use in structural applications can be constrained. For instance, a 
substantial change in Tg, tensile strength, modulus, toughness, crack resistance, adhesion strength 
of epoxy materials has been reported as a result of moisture uptake [51–53]. Combining an 
inherently hydrophilic material, such as CNC as a reinforcing agent could worsen the moisture 
uptake and negatively affect the nanocomposite properties [54]. Hydrophobic modification of 
CNC could potentially mitigate this grand challenge. The study here has targeted on how the 
incorporation of native and fatty acid modified CNC affects the water uptake behavior of the 
epoxy composites over a short period.
Water absorption patter of the neat epoxy and the nanocomposites with native and modified 
CNC over a period of seven days is presented in Figure 10.  All sample specimens appeared to 
uptake a significant moisture in the first three days. While the absorption rate seemed to reduce 
afterwards, equilibration was not achieved over the studied period include the baseline epoxy. 
This is in agreement with Chow [48], which showed that epoxy’s moisture absorption saturated 
with 2.3% moisture absorption after it was subjected to water testing for 35 days. Since water 
sorption is dependent on the presence of free volume in polymer matrices [55], the incorporation 
of nanoparticles can generally reduce the uptake by occupying the available space. However, the 
type and concentration of functional moieties of the nanoparticle is critical in deterring moisture 
uptake. The use of native CNC and lightly modified CNC (DS 0.2) exhibited more absorption 
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than the neat epoxy matrix at both 2.5% and 5% concentration ranges. On the contrary, higher 
levels of fatty acid grafting on the CNC clearly improved the water uptake as compared to the 
unmodified or lightly modified CNC fillers. As expected, nanocomposites filled with the highly 
modified CNC (DS 2.4) displayed a reduced moisture uptake. A more pronounced reduction in 
moisture absorption was observed for nancomposites that were filled with 5% loading of such 
CNC. The replacement of the –OH functionalities with hydrophobic fatty acids clearly made it 
hydrophobic as described in the previous section. It appeared here that the hydrophobicity of 
these CNC (DS 2.4) were carried to the epoxy nanocomposite to cause the observed reduction of 
moisture uptake.  
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In this study, the replacement of –OH functional groups of CNC with fatty acids was conducted 
via grafting lauric acid using a one step process to promote hydrophobicity, improve its 
dispersion, and increase interfacial adhesion with epoxy. Overall, the grafting of the lauric acid 
on the CNC altered the thermal stability, polarity and thus the dispersability at various degrees 
depending on the level of grafting. Native CNC and three types of CNCs with various degrees of 
grafted acid were incorporated into an epoxy matrix via a solvent-free route. The lightly 
modified CNCs (DS 0.2 and 0.8) resulted in an impressive reinforcing effect in epoxy that was 
demonstrated by an increase in the tensile strength and modulus. The tensile strength and 
modulus of the baseline epoxy was improved by 77% and 44%, respectively by incorporating 
5% CNC (DS 0.2). Such materials could have important implications for the manufacture of 
printed circuit boards, structural composites and adhesives. Highly modified CNC with a DS of 
2.4 clearly lost its crystalline structure. However, because of the plasticizing effect of the fatty 
acid it caused an overall improvement in toughness, demonstrated by increase in elongation by 
up to 35%, without a significant change in tensile strength, and a reduced water uptake of the 
epoxy nanocomposites.  
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